Abstract--The electrostatic lattice energy of polar phyllosilicates can be calculated when a correction term E .... equal to -2r is taken into account, where/~ is the dipole moment of a slice d(001) and V is the molecular volume. The interlayer bonding energy can be obtained by Giese's method, if the energy of separation of the layers over a distance A is plotted againts 1/[d(001) + A]. Thus, for a polar chlorite the interlayer bonding energy is 69.8 kJ/unit cell. Using the Madelung method, the interlayer bonding energy of slices of kaolinite having a thickness of d (001) is 84 k J/mole. Similarly the interlayer bonding energy of slices having a thickness d(020) is 2520 kJ/mole. To avoid the instability of the outer slices of the crystal caused by the cooperating dipole moments of all slices, the hypothesis was made that the atoms have in reality reduced charges and that the charge reduction is such that the dipole moment becomes zero. The adopted charges lower the interlayer bonding energy to as little as 14 kJ/mole. The interlayer interaction of slices of fluorkaolinite with thickness d (001) is repulsive. Crystals of a polar chlorite must be bounded either bY incomplete hydroxide layers or bY layers onto which charge-compensating anions are adsorbed. Polarity makes cleavage in chlorite more difficult.
INTRODUCTION
The electrostatic part of the interlayer bonding energy of a number of phyllosilicates with a polar structure has been studied in recent years: kaolinite, dickite, and nacrite (Giese, 1973) , cronstedtite (Giese, 1978) , amesite (Giese, 1980) and chlorite (Bish and Giese, 1981) . With nonpolar chlorites Bish and Giese (1981) found that the change in electrostatic lattice energy upon separation of the layers became constant beyond a separation distance of about 7 A, in accordance with previous results for 2:1 phyllosilicates like talc and pyrophyllite (Giese, 1975) , and muscovite, phlogopite, lepidolite, and margarite (Giese, 1978) . For the polar structures mentioned above, the absolute value of the lattice energy continued to decrease with increasing separation distance, but a limit for an infinite separation distance was not obtained (Giese, 1973 (Giese, , 1978 (Giese, , 1980 Bish and Giese, 1981) . It is the aim of the present paper to explain these results and to provide a solution to the calculation of the electrostatic part of the interlayer bonding energy.
THEORY
A crystal structure can be considered as a stacking of slices, each having a thickness d(hk/). When the slices are separated by an infinitely large distance so that there is no interaction energy between the slices, the lattice energy, Ecr, is equal to the energy of one slice, denoted by E~. The difference has been called the attachment Copyright 9 1983, The Clay Minerals Society energy, Eatt, defined as the energy released when one slice of thickness d(hk/) is attached to a face (hkl) that bounds the crystal (see e.g., Hartman, 1973 Hartman, , 1978 . Thus:
If Ei is the interaction energy per formula unit between the zero'th and the i'th slice, Eatt = ~ Ei.
i As pointed out earlier (Jenkins and Hartman, 1979 ) the interlayer bonding energy obtained by Giese's method is actually the value of Eatt and not E, the interaction energy between two neighboring slices in the crystal. If the slices have a dipole moment k~, Eq. (1) no longer holds and must be replaced by:
where Eeoc. is a correction term necessitated by the slicewise summation used to obtain E~,. (Hartman, 1982) . Smith (1981) and Hartman (1982) found that
where V is the unit-cell volume. Figure 1 this plot is given for a polar structure of a lib chlorite, based upon the data presented by Bish and Giese (1981) in their Figure 1 . Extrapolation of the last five points to A = ~ yields an energy of 673.4 _+ 0.4 kcal/unit cell which is equal to Eat t 3-Econ.. The correction term for the unexpanded structure is 603.6 kcal/unit cell and leads to a value of Eat t of about 69.8 kcal/unit cell, comparable to the value of 51.3 kcal/ unit cell found by Bish and Giese (1981) for a nonpolar chlorite. The question arises whether an interlayer bonding energy of 69.8 kcal/unit cell is reasonable. If one defines the interlayer bonding energy as the interaction energy between two successive layers, that is El, the answer is yes. Also, for polar slices that are infinitely large, E~ < E~ when i > 1, which means that in practice for slices with dhkt > 5 A, Eat t is approximately equal to El. If one defines the interlayer bonding energy as the energy required to separate an infinitely thick crystal into two halves along the plane (hk/), 69.8 kcal/ unit cell is not reasonable, because this energy is given by
i which equals E~tt only if terms with i/> 2 can be neglected, as is indeed the case for nonpolar phyllosilicates. For a polar structure, however, the surface becomes unstable because in the outer layers of the crystal the cooperating dipole moments of all slices will expel the cations at one side and the anions at the other side. Based upon the creation of an induced opposite dipole moment of the crystal, this catastrophe can be avoided by the following remedies: (1) In structures with a threedimensional network of tightly bonded ions, for example, MgO-and ZnS-type semiconductors, a very slight polarization of all bonds will furnish a volume charge of opposite sign at both ends of the crystal. In this way a dipole moment is obtained that cancels the original one (see e.g., Fripiat et al., 1977) . (2) Ions can be removed from the outermost planes or become adsorbed on these planes in structural positions. Eventually both processes could occur; for example, the unstable (111) face of NaC1, bounded by a plane of chloride ions, can be stabilized by removing half of the chloride ions in the outermost plane and by removing one quarter of the sodium ions in the next plane and placing these on top of the chloride plane. If this is carried out in a regular way, the surface consists on the atomic scale of minute cube faces (Hartman, 1959; Nosker et al., 1970) . 
The expansion energy Uex, of a polar chlorite as a function of 1/[d(001) + A], where A is the expansion distance. Data from Bish and Giese (1981) . The dotted line gives the extrapolation to infinite expansion.
(3) Quantum chemical calculations show that the electron density distribution within a silicate does not conform with formal charges (Tossell and Gibbs, 1976; de Jong and Brown, 1980; Newton and Gibbs, 1980) . The same conclusion follows from an analysis of the phonon spectrum (Iishi, 1976 (Iishi, , 1978 and from accurate crystal structure determinations by X-ray or neutron diffraction (Hill, 1979; Sasaki et al., 1980; Fujino et al., 1981; Catti, 1981) . In all cases the charges are considerably reduced, because of the partial covalency of the bonds.
For (001) faces of phyllosilicates where no such polarizable bonds between the layers exist, the charge distribution within a layer might be changed so that no dipole moment exists. In the following paragraph this hypothesis is applied to kaolinite, because it has the simplest structure of all polar phyllosilicates.
APPLICATION TO KAOLINITE
In the following analysis, the crystal structure data were taken from Zvyagin (1967) and the positions of the H atoms from Giese and Datta (1973) . The slice energy Es~ was calculated by the Madelung method (Madelung, 1918; Hartman, 1973 ) using a computer program EN-ERGY written by Woensdregt (1971) . This method consists essentially of the calculation of electrostatic potentials at ion sites with respect to chains of ions parallel to a certain direction [uvw] in a slice d(hk/). For kaolinite a chain of composition Al~Si2Os(OH)4 parallel to [100] was chosen. First, the energy of a slice d(001), Esl(001), was calculated. Then the energy of a double slice with thickness 2d(001) was calculated. This energy equals 2E~(001) + E 1. Neglecting E~, E~, etc. and using Ecorr, the lattice energy Ecr was calculated from Eq. (3). The energies are listed to 7 decimal places in Table 1 to show the effect of neglecting higher terms EL. Eqs. (1) and (3) are quite general and by no means restricted to layers of thickness d(001). Therefore, to corroborate the value found for Eer, the crystal was divided into slices of thickness d(020). Each slice contains the same chain of ions of composition A12Si~Os(OH)4 as used in the foregoing calculations. It was necessary to calculate also E2, which could not be neglected. E~ was found by calculating the total slice energy of three consecutive slices d(020), which equals 3Esl(020) + 2E1 + E2. According to Eq. (2), Eatt = E1 + E2. The calculated energies are also listed in Table 1 .
The attachment energy of (001) was also calculated assuming a charge distribution that leads to a zero dipole moment of a slice d(001). Starting with qA~ = 3.0 e and q0 = -1.5 e, qs~ = 3.0824 e, and qH = 0.3338 e. The latter value is quite close to that of the hydrogen atom in water corresponding to the dipole moment of 1.84 D, namely qH = 0.332 e. The results are also shown in Table 1 .
DISCUSSION
The results for kaolinite slices d(001) agree reasonably well with those of Giese (1980) . According to his Figure 3 an expansion of 10/~ corresponds with an expansion energy of about 82 kcal/mole, or 343 kJ/mole. The correction term Ecorr amounts to 181 kJ/mole, and the sum, 524 kJ/mole, is close to the sum of E 1 q-E .... in Table 1 (522 kJ/mole). The lattice energies, calculated by using d(001) and d(020) slices, show that E2, E3, etc. may be neglected. The interlayer bonding energy, if defined as El, is negative for fluorkaolinite d (001) slices. Unless the dispersion energy overcompensates the repulsion, this structure would be unstable, a conclusion also reached by Wolfe and Giese (1978) using a different approach.
For normal kaolinite the interlayer bonding energy of d(001) slices is 84 kJ/mole. As this energy is mainly due to two, long hydrogen bonds, the value is too high, which suggests reduced charges. Wieckowski and Wiewirra (1976) calculated the total hydrogen bond energy between kaolinite layers to be 39 kJ/mole. Compared with this value the 14 kJ/mole calculated for the reduced charge possibility seems to be too low. No attempt was made at this stage to maximize Eer by varying the reduced charges under the restriction of a zero dipole moment. It should be noted that the large decrease of El by reducing the charges does not occur in 2:1 micas (Jenkins and Hartman, 1980) . In contrast to kaolinite, a polar chlorite consists of a positively charged hydroxide layer and a negatively charged mica layer making this structure in some ways comparable to a normal mica. When an infinitely thick chlorite crystal is split into two halves along (001) the necessary energy E~ (Eq. (5)) becomes infinite. As a consequence the cleavage trace cannot run between a hydroxide layer and one adjacent mica layer. The net charge of the hydroxide layer must be divided among the two halves of the crystal, i.e., either the cleavage trace shifts from one side of the hydroxide layer to the other, thereby breaking Mg-O or A1-O bonds as well, or it breaks OH bonds whereby the protons stick to the adjacent mica layer and the charge of the hydroxide layer is compensated by the presence of oxygen anions.
Similarly, the outermost layer of a polar chlorite cannot be a complete hydroxide layer. Either half of the layer is present in patches, or potential-compensating anions are adsorbed on top of the layer.
CONCLUSIONS
Interlayer bonding energy and lattice energy of a polar phyllosilicate using an electrostatic point charge model can be calculated when an appropriate correction term for the energy is taken into account. The values of the interlayer bonding energy thus calculated must be considered as upper values, if formal charges are used. It is suggested that the charge distribution in a (001) kaolinite slice is such that the dipole moment vanishes. In a polar chlorite the dipole moment always exists, and thus the structure of the outermost hydroxide layer of a crystal is affected, and cleavage is more difficult than for a nonpolar chlorite.
